INTRODUCTION
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KEY WORDS: Reintroduction · Plains topminnow · Strategy · Season · Founder density OPEN PEN ACCESS CCESS populations in historically occupied habitats is a fundamental conservation strategy to manage genetic diversity and restore ecosystem services (Griffith et al. 1989 , Sarrazin & Barbault 1996 , Reading et al. 2002 , Marsh et al. 2005 . Captive propagation and reintroduction programs can reduce the risk of species loss by reestablishing locally extirpated populations and/or augmenting at-risk populations (Seddon et al. 2007 , George et al. 2009 , Kline & Bonar 2009 , Schumann et al. 2012 .
Numerous reintroduction programs have attempted to restore rare fishes, but little is known about why these efforts have overwhelmingly failed to meet biological goals (Marsh et al. 2005 , Seddon et al. 2007 , George et al. 2009 ). The vast majority of fish reintroduction attempts are poorly documented (Fischer & Lindenmayer 2000 , George et al. 2009 ), and projects have rarely been designed to evaluate reasons for success or failure (Seddon et al. 2007 ). Thus, much of the existing literature has retrospectively evaluated reintroduction success and provides little guidance for future attempts (Seddon et al. 2007) .
Plains topminnow Fundulus sciadicus populations have declined throughout the Great Plains and are granted protection throughout their native range . The species was not observed at more than 65% of 427 historical Nebraska sites, the state with the widest distribution . Extensive agricultural development, dewatering and channelization of lotic habitats, and the establishment of nonnative predatory fishes have potentially impacted plains topminnow populations (Fischer & Paukert 2008 , Schumann et al. 2015a . Concerns over the species' decline have warranted its consideration for federal protection and prompted directed management action in Nebraska.
Attempts to reintroduce the species to historically occupied stream reaches were determined necessary to restore populations in Nebraska (M. Fritz NGPC, pers. comm.). Plains topminnow are a good candidate species for reintroduction efforts; individuals mature early in life and, in suitable habitats, the species is capable of rapid population growth (Kinney & Lynch 1991 , Schumann et al. 2012 . The goal of this study was to experimentally evaluate reintroduction efforts to refine strategies and enhance the multi-generation survival of future reintroduced populations of plains topminnow in Nebraska. Our objective was to determine if initial population density and/or season of reintroduction affected the persistence of released populations.
MATERIALS AND METHODS

Study area
We selected 17 reintroduction sites in Nebraska, each occurring within the known historic range of plains topminnow, and where the species has been historically captured but was missing in recent surveys (see Fig. 1 ). We restricted reintroduction efforts to sites within the Loup, Elkhorn, and Platte River drainages to avoid potential population consequences of introducing genetically dissimilar individuals (Li et al. 2009 , Byrne & Pitchford 2016 . These 3 drainages are known to contain a genetically indistinguishable plains topminnow clade (Bessert 2011). Prior to reintroduction efforts, we sampled the local fish assemblage using 3-pass depletion backpack electrofishing with block-nets. This assessment, paired with recent range-wide sampling efforts (see Pasbrig et al. 2012) , confirmed that plains topminnow were not present at reintroduction sites.
Plains topminnow reintroductions
Plains topminnow were reared at the Rock Creek State Fish Hatchery, Nebraska. This captive population originated from a wild stock from Dry Creek, near Calamus, Nebraska in the Loup River drainage. All topminnows were measured to total length (TL; mm) prior to transportation. Fish were transported to reintroduction sites and acclimated to local water temperatures with water exchanges prior to release.
Reintroduction strategies
Fish were reintroduced during 2 seasons: spring and fall (Table 1) . Each site was randomly assigned a reintroduction season, resulting in 11 sites with individuals stocked in October and 6 sites stocked in March. In general, adult (≥ age-1) plains topminnow were released in spring and juvenile (age-0) individuals were reintroduced in fall. Individuals stocked in spring (TL ± SE: 47.3 ± 0.53 mm) were generally larger (unpaired t-test: t = −20.3, df = 398, p < 0.001) than those stocked in fall (36.1 ± 0.16 mm).
Reintroduced founder densities were calculated using the total amount of slackwater habitat available to the species at each site (Table 1) . Available habitat for plains topminnow was estimated using the velocity tolerances of similar species: 0.385 m −1 for western mosquitofish Gambusia affinis and 0.365 m −1 for Gila topminnow Poeciliopsis occidentalis (Ward et al. 2003) . Areas, at baseflow, with mean velocities < 0.36 m −1 were considered available to plains topminnow. The total area (ha) available was used to determine the number of individuals released (Table 1 ). The amount of suitable habitat at each reintroduction site varied (mean ± SE: 0.107 ± 0.031 ha; range: 0.013 to 0.491 ha). No information was available about the appropriate number of plains topminnow to stock, so founder population densities were based on published values for western mosquitofish (Duryea et al. 1996) . We used both a high stocking rate (2500 fish per available habitat acre, or 6178 fish ha −1 ) and a low stocking rate (1000 fish per habitat acre; 2471 fish ha −1 ) (Duryea et al. 1996) . Between 49 and 1213 individuals were released at each reintroduction site (mean ± SE: 394 ± 77). Initial founder population sizes were randomly assigned to each site resulting in 11 sites stocked at the high rate and 6 sites stocked at the low level (Table 1) .
Population monitoring
We defined a sampling reach (i.e. reintroduction site) as 40 times the mean stream width (range: 150 to 300 m), based on measurements at 5 random points (Patton et al. 2000) . No sampling was conducted outside of the reintroduction site; however, dispersal of plains topminnow away from reintroduction sites has been previously described (Schumann et al. 2015b ).
After the initial reintroductions, sites were sampled monthly, excluding December to February, using single-pass electrofishing. Backpack electrofishing started at the downstream endpoint of the sampling reach and moved upstream. All reintroduction sites were first sampled the month following fish releases. Reintroduction sites first stocked in October 2010 were sampled from November 2010 through September 2012, and sites where individuals were released in March 2011 were sampled between April 2011 and October 2012. Catch rates (number per 100 m) were calculated from each sampling event. Reproduction of plains topminnow was assumed if individuals < 25 mm TL were encountered (Rahel & Thel 2004 , Schumann et al. 2012 .
Evaluating reintroduction strategies
We estimated the persistence probability of each reintroduced population as the inverse of extinction probability (1 − extinction probability) using replicated presence-absence recapture data (PRESENCE Software; MacKenzie & Royle 2005) . This analysis allowed us to estimate the likelihood that the reintroduced populations would persist, and test the effects of each reintroduction strategy covariate. Multiseason robust-design occupancy models were developed using our monthly samples as replicate surveys within 3 seasons (spring: March, April, and May; summer: June, July, and August; fall: September, October, and November) over a 2 yr period. In these models, coloni zation and detection were allowed to vary by season, mirroring behaviors and sampling efficiencies previously described (Schumann et al. 2015a) . Occupancy was held constant. The influence of each reintroduction strategy was assessed by parameterizing models that included and excluded their effect on topminnow persistence. Models were ranked by corrected Akaike's information criterion (ΔAIC c ) values and individual model performance was assessed using the likelihood-ratio test (LRT) (Burnham & Anderson 2002) . The relative influence of each predictor was described 2 ways: (1) by calculating the odds-ratio for each strategy covariate from its estimated coefficient, and (2) summing the weights of models that include each covariate (MacKensie et al. 2006) .
RESULTS
No plains topminnow were captured at release sites prior to reintroduction efforts. In total, 13 384 individual plains topminnow were released to evaluate the 2 reintroduction strategies (Table 1) . During our 2 yr post-reintroduction monitoring program, we captured 1456 plains topminnow (Table 1) . Plains topminnow were recaptured at 76% of reintroduction sites and reproduction was observed at 35% of those sites (Table 1) . However, rarely were many young individuals captured at a single reintroduction site. Successful plains topminnow population establishment, as defined by Nebraska managers (persistence probability > 0.5), was achieved at 41% of reintroduction sites (Fig. 1) . Mean (± SE) catch of plains topminnow per 100 m was 2.8 ± 1.76, but ranged from 0, at 4 different sites, to 30.78 ± 5.93 (Table 1) . Catch rates did not differ significantly between experimental reintroduction seasons or founder densities ( Table 2) .
Evaluation of reintroduction strategies
Mean persistence probability was relatively high regardless of reintroduction strategy; however, broad variance revealed differential responses by site (Table 2) . Negligible separation among AIC c values suggests that the experimental treatments had little influence on the expected persistence of reintroduced populations (Table 3) . No additional support was provided for the candidate models that included the influence of reintroduction season (LRT = 0.6, df = 1, p > 0.05) or founder population density (LRT = 3.3, df = 1, p > 0.05) when compared to the null model (Table 3 ). The additive (founder population density + reintroduction season) model did not fit the data significantly better than the null model (LRT = 4.6, df = 2, p > 0.05). The candidate model that used the actual number of fish released rather than founder density to predict persistence was not well supported and performed significantly worse than the null model (LRT = 6.9, df = 1, p < 0.05). Although treatment coefficients estimate continued population persistence to be 1.7 times more likely (95% CI: 0.26, 11.68) for reintroductions conducted in fall, there was minimal support for the model (summed model weight = 0.24). Founder population density had a potentially stronger influence on persistence probability (summed model weight = 0.49). Population persistence was 6.6 times greater (95% CI: 0.28, 162.42) at sites 3.52 ± 2.74 0.42 ± 0.11 Table 2 . Mean (± SE) catch per 100 m and persistence probability of plains topminnow populations released at 17 reintroduction sites in Nebraska during different seasons and at low and high founder densities Fig. 1 . Distribution of the 17 historically occupied sites in which plains topminnow reintroduction efforts were conducted in Nebraska, USA. Successful establishment, by Nebraska management standards (persistence probability > 0.5), was achieved at sites marked with an asterisk (*) stocked at the high density. Wide confidence intervals for both odds-ratio estimates suggest that other factors or individual site characteristics have a greater impact on plains topminnow persistence than reintroduction strategy.
DISCUSSION
Reestablishment of extirpated populations with reintroductions to known historical locations is likely to become an increasingly important conservation tool to recover imperiled fish (Marsh et al. 2005) . Despite the importance of this conservation tool, few fish reintroduction programs have thoroughly examined success rates for different reintroduction strategies (Seddon et al. 2007 , George et al. 2009 ). Descriptions of reintroduction techniques have most often been limited to retrospective accounts that have generally been unable to improve future conservation efforts (Minckley 1995 , Seddon et al. 2007 ). We initiated a successful reintroduction program for plains topminnow that expanded the current distribution of this rare species in Nebraska. Our experimental treatments and monitoring program provide clear support for future plains topminnow reintroductions by documenting the persistence of adult individuals and reproduction at streams stocked using diverse strategies (MacKenzie & Royle 2005 , George et al. 2009 ). Although the underlying issues that caused extirpation have not been resolved, we provide a means to maintain populations of this rare fish at historically known sites until other restoration activities are devised.
Neither reintroduction season nor founder population density influenced population persistence. Although population persistence was more likely at sites stocked at higher densities and, to a lesser extent, in fall, wide confidence intervals suggest that individual site characteristics may have a greater impact on population persistence. Managers can expect plains topminnow populations to persist at similar rates whether released in fall or spring. However, the time of year when reintroductions occur may influence future reproduction and recruitment (e.g. Gila topminnow; Sheller et al. 2006) . We observed repro duction within 2 yr at sites stocked in both seasons. Managers may prefer to reintroduce plains topminnow in fall as this would preclude the need to overwinter broodstock and would not hinder future reproduction.
The motivation for all reintroduction efforts is to restore populations with sufficient individuals to maintain genetic diversity and ensure reproductive capabilities (Minckley 1995 , Sarrazin & Barbault 1996 , George et al. 2009 ). Most reintroduction programs recommend releasing several hundred individuals; however, variability of life history traits, habitat quality, or population structures make these numbers capricious (Minckley 1995 , Sarrazin & Barbault 1996 . Although stocking at the higher density was seemingly beneficial, other variables not included in the analysis were more influential, as the models that included stocking density re ceived no more support than the null model. By recognizing similar population outcomes regardless of reintroduction strategy, we provide flexibility for managers with respect to future conservation decisions when the option to restore suitable habitats is unavailable.
In our study, populations persisted at sites stocked with few individuals (n = 138), and only 123 individuals were needed to establish a broodstock population in a piscivore-free environment (Schumann et al. 2012) . If a minimum threshold exists for successful plains topminnow reintroductions, we suspect that it is ~125 individuals. Future reintroduction programs could allocate resources to a greater number of sites rather striving to releasing high densities of fish at each site. Managers are generally wary of introducing a small number of individuals for numerous reasons, including genetic concerns (George et al. 2009 ). Genetic diversity among plains topminnow popu lations is 'strikingly low' compared to other top minnow species as a result of past population ex pansions and bottlenecks (Bessert 2011). Thus, re latively few plains topminnow can establish persistent populations without sacrificing genetic integrity (Bessert 2011). Table 3 . Multi-season robust-design occupancy candidate models with associated number of estimable parameters (k), corrected Akaike's information criterion (ΔAIC c ) and model weight values, and maximum likelihood estimates used to evaluate plains topminnow reintroduction strategies developed using 3 monthly samples as replicate surveys within 3 seasons over a 2 yr period. The influence of each stocking strategy was assessed by parameterizing models that both included and excluded their effect on persistence probability (1 − extinction probability)
Like other opportunistic species, plains topminnow have life history traits that facilitate widespread dispersal, and their populations can increase rapidly in suitable habitats (Kinney & Lynch 1991 , Winemiller & Rose 1992 , Schumann et al. 2012 , 2015b . In just 2 yr, we were able to demonstrate that reproduction had occurred at 35% of reintroduction sites. Plains topminnow have relatively short lifespans (< 4 yr; Stribley & Stasiak 1982) and after the reproductive season, age-0 individuals can represent as much as 95% of the population (Rahel & Thel 2004) . Because older individuals are thought to be rare (~4% of populations) and growth of age-0 individuals is fast, we potentially underestimated reproduction at sites in which populations persisted (Rahel & Thel 2004) . The persistence of plains topminnow at reintroduction sites through multiple generations despite high mortality rates suggests that reproduction has widely occurred. At sites where plains topminnow did not persist, it is possible that critical habitat for this species is no longer available; however, mobile individuals may seek and occupy suitable habitat elsewhere (Schumann et al. 2015b) .
Reintroductions may enhance and prolong population persistence of plains topminnow but they do not alleviate factors that caused the original extirpation. Obstacles to species recovery in streams will continue to increase, as constant threats of habitat de gradation and nonnative species introductions coincide with large-scale impacts of climate change (Cooke et al. 2012) . Of particular concern, the invasive western mosquitofish has become widespread in Nebraska and occupies a similar niche as plains topminnow (Schumann et al. 2015a ). This species has been reported to compete with and prey upon closely related species including plains topminnow (Schumann et al. 2015a) , and has resulted in local extirpation of other small fishes (Laha & Mattingly 2007 , Robinson & Ward 2011 . Reintroductions to areas with potential competitors of similar size and ecological role are often less successful than reintroductions to areas without competitors (Griffith et al. 1989 , Goldsworthy & Bettoli 2006 . New research is evaluating the influence of local instream habitat and fish assemblage structure on the long-term persistence of reintroduced plains topminnow populations (J. Thiessen et al. unpubl. data) .
The list of information that needs to be obtained to effectively manage plains topminnow is still long. Despite the unlikely resolution of the original sources of population decline and new challenges with invasive species, we have described suitable methods to maintain this species at historically occupied sites.
The development of a broadly applicable paradigm for the reintroduction of rare fishes promises to improve long-term persistence rates but requires similar analyses of reintroduction technique methods, results, and strategies (Griffith et al. 1989 , Reading et al. 2002 .
